High performance and commercially attractive mixed-matrix membranes were developed for H 2 /CO 2 separation via a scalable hollow fiber spinning process. Thin (~300 nm) and defect-free selective layers were successfully created with a uniform distribution of the nanosized (~60 nm) zeolitic-imidazole framework (ZIF-8) filler within the polymer (polybenzimidazole, PBI) matrix. These membranes were able to operate at high temperature (150°C) and pressure (up to 30 bar) process conditions required in treatment of pre-combustion and syngas process gas streams. Compared with neat PBI hollow fibers, filler incorporation into the polymer matrix leads to a strong increase in H 2 permeance from 65 GPU to 107 GPU at 150°C and 7 bar, while the ideal H 2 /CO 2 selectivity remained constant at 18. For mixed gas permeation, there is competition between H 2 and CO 2 transport inside ZIF-8 structure. Adsorption of CO 2 in the nanocavities of the filler suppresses the transport of the faster permeating H 2 and consequently decreases the H 2 permeance with total feed pressure down to values equal to the pure PBI hollow fibers for the end pressure of 30 bar. Therefore, the improvement of fiber performance for gas separation with filler addition is compromised at high operating feed pressures, which emphasizes the importance of membrane evaluation under relevant process conditions.
Introduction
There are several major benefits of membrane based gas separation over conventional gas separation technologies like cryogenic distillation, condensation and amine absorption: (1) lower energy cost since there is no gas-liquid phase change of the gas mixture to be separated, (2) relatively small footprint -gas separation membrane units are smaller than other types of plants, like amine stripping plants, (3) low mechanical complexity and (4) operation under continuous, steadystate conditions [1] . Membrane based gas separation finds additional benefits in pre-combustion application (H 2 /CO 2 separation) where stripping and adsorption technologies are limited for direct gas processing [2] . The H 2 /CO 2 mixture following typical water-gas shift reactor is at high pressure and high temperature (150-250°C) conditions. Also, depending on feedstock, the mixture might contain traces of H 2 S and steam. Membrane material must be able to operate continuously under such challenging process conditions. The required hydrogen purity and therefore the membrane material, depends on the specific application, e.g. high purity hydrogen is required for proton exchange membrane fuel cell applications, whereas lower hydrogen purity is required for refinery applications. Due to the unique permeation mechanism, palladium-based membranes show high permeability and exclusive selectivity for H 2 and are commonly used when high purity hydrogen is required [3] . However, their implementation at industrial scale has been hampered due to the low mechanical resistance, modest reproducibility, scale-up problems and the high fabrication cost of this type of membranes [4, 5] . On the other hand, polymeric membranes have been implemented for gas separation on a large scale in industry, mainly due to their easy processing and mechanical strength [6] . Although polymeric membranes are not as selective as inorganic ones, they can be implemented when such a high purity hydrogen is not required. Polymers of intrinsic microporosity (PIMs) have been identified as attractive candidates for gas separation. Their highly rigid and contorted molecular structure leads to inefficient packing of polymer chains and high free volume, and therefore exhibits very high gas permeability [7] . The ultra-high permeability together with interesting CO 2 /N 2 and CO 2 /CH 4 selectivity, make this PIMs interesting materials for several applications, such as post-combustion CO 2 capture and biogas upgrading. Nonetheless, PIMs present a relatively low selectivity for H 2 /CO 2 separation (< 5.5), and in some cases even a reverse selectivity. Few glassy polymers can be successfully used as H 2 selective membranes at the high temperature required in the precombustion applications. Polybenzimidazole (PBI) has a rigid polymeric backbone (glass transition temperature of 420°C) and close chain packing [8] , and has already been identified as a good candidate for this application [9] [10] [11] [12] . In addition, PBI has shown to exhibit the highest H 2 /CO 2 selectivity among the polymer family. Nevertheless, the gas permeation rate through PBI polymer is low [13] . Mixed matrix membranes (MMMs, consisting of a dispersion of filler particles in a polymeric matrix) combine the good processability of polymers with high gas flux and selectivity of the inorganic filler [14, 15] . The use of metal-organic frameworks (MOFs) as filler is attractive because of good chemical compatibility with polymers, a high surface area and pore volume, and their porosity is, in general, higher than that of their inorganic counterpart, zeolites. MOFs can be fine-tuned by selecting the appropriate building blocks [16] or by post-synthetic modification [17] . Their partially organic nature improves the polymer/MOF affinity, helping to overcome compatibility issues and avoiding the socalled sieve-in-a-cage morphology [18, 19] . ZIF-8 is one of the most studied zeolitic imidazolate frameworks, and consists of a metal cation of Zn 2+ coordinated with the organic linker 2-methylimidazole. ZIF-8 forms a SOD zeolitic topology with large cavities of 11.6 Å size connected through smaller windows of 3.4 Å [20] .
Large-scale gas separation applications demand highly productive membranes. Therefore, commercial gas separation membranes are processed into asymmetric structures where a porous support is covered by a very thin dense layer that governs gas permeation. The asymmetric membrane can be a flat film or a hollow fiber. For high productivity, when membranes are packed into modules, a high membrane area/unit volume ratio, i.e. packing density, is desired. Hollow fiber modules offer high packing density (over 10,000 m 2 /m 3 ) [21] [22] [23] , about ten times higher than for flat sheet (plate and frame) membranes. In addition, hollow fiber membranes can handle very high transmembrane pressure differences (up to 70 bar) and their fabrication costs are 5-20 times lower than those of equivalent membranes for spiral wound modules [24] .
This work is focused on the development of commercially relevant membranes (hollow fiber membranes) for CO 2 capture application in pre-combustion processes with a strong focus on performance evaluation under relevant process conditions (30 bar, 150°C and gas mixtures). Also, considering that the low H 2 permeability is among the major drawbacks of PBI membranes [13] , we propose an improved structure with PBI/ZIF-8 based mixed matrix hollow fiber membrane. In this configuration a MOF with high thermal resistance [25, 26] would improve the H 2 permeation rate through the PBI matrix. To this date, PBI based hollow fiber membranes reported in the literature have been applied at limited pressures, less than 8 bar. In this way new knowledge on membrane behavior related to real process conditions revealed in this work, are of extreme importance for chemical process industry.
Experimental

Materials
PBI was received from PBI Performance Products INC. as 26 wt% solution in DMAc with 1.5 wt% LiCl. Anhydrous N-methylpyrrolidone (NMP) and dimethylacetamide (DMAc) were purchased from Sigma-Aldrich. Hexane and methanol were purchased from Fisher Scientific. Sylgard 184 (Dow Corning) was used for the defect healing process. Zn (NO 3 ) 2 ▪6H 2 O, and methanol for ZIF-8 synthesis were purchased from Alfa Aesar. 2-methylimidazole was purchased from Sigma Aldrich. All materials were used without further purification.
Synthesis of ZIF-8 crystals
ZIF-8 was synthetized as follows. Zn(NO 3 ) 2 ▪6H 2 O (98.7 mmol, 29.33 g) and 2-methylimidazole (790.4 mmol, 64.89 g) were dissolved in 2 L methanol at room temperature. The two precursor solutions were then mixed together rapidly and stirred for 30 min. The solution turned turbid gradually. The formed ZIF-8 nanoparticles were collected by centrifugation and washed with fresh methanol three times. The products were dried in ambient air for 16 h. Reaction yield was 8.8 g, 40% based on Zn 2+ . The samples were activated by subjecting to vacuum at 50°C for 12 h before N 2 sorption measurement.
Characterization of ZIF-8 crystals
Powder X-ray diffraction (PXRD) data were collected in reflection geometry using a Bruker AXS D8 diffractometer using Cu Kα radiation (λ = 1.5406 and 1.54439 Å) over the 2θ range 3-130°range in 0.02°s teps.
Thermogravimetric analysis (TGA) was conducted between room temperature and 1000°C heating at 3°C min −1 in an N 2 atmosphere on a Netzsch TG 209 F1 Libra instrument.
Infra-red (IR) spectra were collected on a Perkin Elmer Spectrum One instrument utilizing an UATR attachment. The powder was analyzed directly with no special preparation.
ZIF-8 was subjected to CO 2 and N 2 physisorption analysis. Adsorption/desorption isotherms were collected on a Quantachrome Autosorb iQ instrument. Experiments were conducted at −196°C (77 K) for N 2 isotherm and 0°C for CO 2 . Both isotherms were subject to BET analysis for surface area calculation. Samples were degassed under vacuum at 125°C for 16 h.
High-pressure adsorption experiments (up to 35 bar) were performed on a BELSORP-HP. The adsorption/desorption isotherm for CO 2 was obtained with an equilibration time of 1500 s (deviation lower than 0.1% F.S pressure). Temperature ranged from 50°C to 150°C. Samples were outgassed overnight under vacuum conditions at 150°C.
The sample powder was dusted directly onto SEM stubs. The sample was carbon coated prior to analysis to provide a conductive layer for charge dissipation. The sample was analyzed using a Zeiss ultra 55 Field emission electron microscope equipped with in-lens secondary electron and backscatter detectors.
Preparation of PBI based hollow fiber membranes
The fabrication of PBI based hollow fiber membranes was based on a dry jet followed by wet quench spinning process [23, [27] [28] [29] [30] [31] . Two types of hollow fibers have been fabricated: (1) hollow fibers based on pure PBI and (2) hollow fibers containing PBI and ZIF-8 filler. This was done by co-extrusion of polymer dope and a bore fluid into a quench bath containing water after a short residence in an air gap. Pure PBI dope was prepared by diluting the 26 wt% starting solution to the desired concentration. Filler containing polymer dope was prepared by dispersing~10 wt% ZIF-8 into PBI polymer solution under ultrasonic mixing in a bath. ZIF-8 was dried in a vacuum oven at 60°C for 16 h before use. Dope was loaded into the syringe pump and degassed for 24 h at room temperature before spinning. Polymer dopes were filtered in-line with a 90 µm filter for the pure polymer dopes and 140 µm filter for the filler-containing polymer dopes. At the end, fiber was collected on a drum. Spinning conditions were varied in order to find the optimal combination of spinning parameters for achieving best performance for gas permeation. The studied parameter range and optimal spinning parameters for pure PBI and mixed matrix hollow fiber batches are listed in Table 1 . Is important to mention that MOF addition causes an important increase in spinning dope viscosity. The addition of ZIF-8 to the dope containing 20.4 wt% PBI significantly increases dope viscosity, from 55,000 cP for the pure polymer dope to 76,000 cP for 10 wt % ZIF-8 loading. With the objective to have similar viscosity for the two spinning dopes, the optimal PBI concentration was lowered for mixed matrix hollow fiber preparation. Dope viscosity was measured by a Thermo Haake Scientific RS6000 rheometer with 20 mm parallel plate at 25°C and 10 s −1 shear rate. After spinning, fibers were kept in DI water for four days. Water was refreshed every day. Then fibers were washed further in a methanol bath followed by a hexane bath and dried at 70°C overnight. Hollow fibers were dip-coated for defect healing using a 3 wt% of polydimethylsiloxane (PDMS) in hexane before permeation testing.
Hollow fiber membrane characterization
The surface and cross-section morphology of the hollow fiber membranes were characterized by scanning electron microscopy (SEM) (Quanta 250 ESEM) equipped with energy dispersive X-ray spectroscopy (EDX). Cross-sections of the membranes were prepared by freezefracturing after immersion in liquid nitrogen and subsequently coated with gold/palladium. The low voltage high contrast backscatter electron detector (vCD) and the Everhart Thornley detector (ETD) were used for the analysis of the membranes.
High-pressure adsorption experiments (up to 35 bar) were performed, the same as for ZIF-8 crystals as described in Section 2.3. The adsorption/desorption isotherms for CO 2 were obtained with an equilibration time of 1500 s (deviation lower than 0.1% full scale pressure). Temperature ranged from 50°C to 150°C. Samples were outgassed overnight under vacuum conditions at 150°C.
Hollow fiber gas permeation properties were determined using an experimental set-up based on constant pressure technique [30] . Hollow fiber membrane modules were built by insertion of 1-22 fibers of 18 cm active length within a tubular stainless-steel container using a method reported in literature [32] . Pure (H 2 and CO 2 ) and mixed gas permeation experiments (H 2 /CO 2 = 50/50 vol%) were carried out in the total feed pressure range of 3.5 to 30 bar at 150°C. Feed gas flow and pressure was controlled with a Coriolis mass flowmeters (Bronkhorst). Permeate gas flow was measured using a film flow meter (Horiba). To be able to measure the permeate flow of the less permeable component, i.e. CO 2 , one module containing 22 pure PBI hollow fibers and one module containing 6 PBI-10 wt% ZIF-8 hollow fibers were tested for pure gases. For mixed gas permeation study, an equimolar H 2 /CO 2 gas mixture was fed from the shell side of the fiber and permeate mixture was collected from the lumen side of the fibers in a counter flow configuration. During mixed gas experiments, the stage cut (the ratio between permeate flow rate and feed flow rate) was kept below 1% to avoid concentration polarization phenomena and ensure a constant gas composition at the feed side. This means that maximum permeate flow rate to measure is 100 times lower than the maximum feed flow rate that the permeation system can supply, i.e. maximum 100 mL min −1 in our case. Therefore, membrane area was decreased and instead of testing one module with several fibers we tested several modules with one fiber each to have a statistically significant result. An online gas chromatograph (Bruker Scion 456-GC) was used to analyze the permeate stream composition over time. Permeance was calculated once the steady state was reached in the permeate stream of the membrane.
The permeance for gas i was calculated by the following equation:
where P i is the gas permeance in gas permeation units (1 GPU = 10 −6 cm 3 (STP) cm −2 s −1 cmHg −1 ), F i is the volumetric flow rate of component i (cm 3 (STP)/s), Δf i is the partial fugacity difference of component i across the membrane (cmHg) and A is the effective membrane area (cm 2 ). The use of penetrant fugacity is preferred due to the nonideal behavior of gases at high pressure [33] . The separation factor or mixed gas selectivity α was calculated as the ratio of the permeance of the more permeable compound i to the permeance of the less permeable compound j:
Results and discussion
ZIF-8 characterization
Highly porous ZIF-8 materials with good crystal structure were successfully synthesized. Main properties are summarized in Table 2 . PXRD, TGA, IR and CO 2 and N 2 physisorption results are found in the supplementary information.
The experimental PXRD pattern for synthesized ZIF-8 nanoparticles (Fig. S1 ) resembles the simulated pattern, showing that it possesses the right crystal structure. The TG analysis (Fig. S2) shows that the synthesized ZIF-8 nanoparticles are thermally stable up to~480°C, above which temperature a gradual decomposition is observed. Infra-red (IR) spectroscopy (Fig. S3 ) shows the expected bands at ca. 1150 and 1180 cm −1 attributed to C-N ring vibrations. The SEM image in Fig. 1 illustrates the individual primary particle sizes of~60 nm. Ideally, for a highly permeable and gas selective fiber, the outer top layer should be as thin as possible, i.e.~100 nm. Therefore, ZIF-8 particles with a Take up rate (m/min) 10-30 20 14 Spinneret dimensions: 460 µm inner diameter / 820 µm outer diameter. * Viscosity for non ZIF-8 loaded dope at same PBI concentration is 55,000 cP.
Table 2
Review of main properties of ZIF-8 particles.
Parameter ZIF-8
Crystal structure Pure phase Thermal stability up to~480°C Particle size~60 nm Surface area 1830 m 2 /g particle size below the desired selective layer thickness have been synthesized and used for hollow fiber preparation. From the N 2 isotherm (Fig. S4 ) a surface area of 1830 m 2 /g was obtained. The CO 2 isotherm presented in the same figure shows that the material has a CO 2 uptake at atmospheric pressure of 1.3 mmol g −1 .
Hollow fibers morphological and structural characterization
SEM images of the outer surface and cross-section of the pure PBI and PBI-10 wt% ZIF-8 mixed matrix hollow fibers are shown in Fig. 2 . Both fibers show good circularity and concentricity between the inner and outer diameter (Fig. 2b, e) . A porous substructure with small pores and finger-like type macrovoids was obtained ( Fig. 2c and f) . Both fibers have an outer top layer with a densified structure ( Fig. 2a, c) . Ideally, for a highly permeable and gas selective fiber, the outer top layer should be as thin as possible, i.e.~100 nm and completely dense. The substructure of the fiber acts just as support with little resistance to gas transport. For a composite MOF-polymer hollow fiber, the MOF particles should be homogeneously dispersed within the top layer and their size should be smaller than the thickness of the top layer. Therefore, the surface of the mixed matrix hollow fibers was analyzed by the vCD detector at the SEM. The compositional contrast provided by the vCD detector enables observation of the MOF distribution just beneath the surface of the membrane. Small ZIF-8 particles appear with bright contrast in the SEM image of the PBI-10 wt% ZIF-8 hollow fiber outer surface (Fig. 2d) . The presence of MOF particles in the outer layer of the fiber was also confirmed by EDX analysis (3.38 wt% Zn).
Hollow fibers gas permeation
Pure gas permeation -overall analysis
Pure gas transport properties of pure PBI and PBI-10 wt% ZIF-8 mixed matrix hollow fibers are shown in Table 3 . A summary of gas permeation results of PBI hollow fiber membranes from literature is included. Pure PBI hollow fibers developed in this work had a permeance of H 2 of 65 GPU and a H 2 /CO 2 ideal selectivity of 17.6 at 150°C and 7 bar transmembrane total fugacity. Asymmetric membranes are defined to be "defect-free" if the ideal selectivity is greater than 80% of the intrinsic selectivity of dense films [34] . If these results are compared with gas permeation through a dense flat film made of pure PBI from the same provider [35] at similar operational conditions (20 Barrer H 2 ; 20 H 2 /CO 2 ideal selectivity), the outer selective top layer has an estimated effective thickness of~307 nm and the fibers are selective with few or no defects (17.6 versus 20 H 2 /CO 2 selectivity). In the calculation of selective layer thickness phenomenon like ageing is not considered, and the resulting value is an estimation. Direct measurement of the selective thickness cannot be performed. Measuring the thickness from SEM pictures only gives a local value (not an average) and in most cases is not easy to identify the borderline between selective layer/transition layer/porous support. A value of~307 nm for the thickness of the selective top layer is remarkably good. In principle, thinner, up to 100 nm, top layers could be obtained but would require extensive optimization of the spinning recipe. If our results are compared with pure PBI hollow fiber membranes developed by Kumbharkar et al. [10] , we obtained an~100 times higher permeance and 1.4 times higher H 2 / CO 2 selectivity. At 250°C Berchtold et al. [36] achieved 1.7 times higher permeance than us. It is known that temperature has a strong influence over gas permeance through membranes showing an Arrhenius type dependency [12] . The activation energy of H 2 permeability through PBI material is 19.35 kJ mol −1 which determines 4 times higher permeance at 250°C than at 150°C as previously shown in dense flat sheet PBI membranes [35] . Therefore, if we extrapolate our results at 250°C we should expect a permeance of 260 GPU.
Upon addition of ZIF-8, the H 2 permeance was increased from 65 GPU for the pure PBI to 107 GPU of H 2 for the PBI-10 wt% ZIF-8 fiber, at almost constant H 2 /CO 2 ideal selectivity of~17. This increase in gas permeance could be given by the contribution of following factors: (1) achievement of an even thinner selective top layer when spinning the mixed matrix dope, and/or (2) the contribution from ZIF-8 filler porosity found in the dense top layer and/or (3) a support layer with a more open porous structure. Differences in the pure and mixed gas permeation (see Section 3.3.2) can only be attributed to ZIF-8 contribution. The similar ideal selectivity for H 2 /CO 2 separation of PBI-10 wt% ZIF-8 hollow fiber compared with pure PBI hollow fiber shows that the ZIF-8 filler does not act as molecular sieve between the H 2 and CO 2 molecules. The ZIF-8 addition in the selective top layer improves, however, the overall gas permeance. Composite hollow fiber PBI membranes have been previously developed in literature [37, 38] . Asymmetric ZIF-8-PBI/Matrimid dual layer hollow fibers were fabricated by Yang et al. [37] . Villalobos et al. [38] proposed a novel scheme to fabricate PBI hollow fiber membranes with a thin skin loaded with fully dispersed palladium nanoparticles. Only modest H 2 /CO 2 selectivities are reported compared with the archivable selectivity of PBI material and our results.
Influence of transmembrane fugacity on pure and mixed gas permeations
The influence of transmembrane fugacity (Δf) over gas separation performance of pure PBI and PBI-10 wt% ZIF-8 hollow fiber was evaluated at 150°C and 3-30 bar using pure and equimolecular CO 2 /H 2 mixtures (Fig. 3) . H 2 and CO 2 permeances and H 2 /CO 2 selectivity are presented as a function of transmembrane fugacity for pure gases (closed symbols) and transmembrane partial fugacity for mixed gas experiments (open symbols). All numeric data are included in Table S1 and S2, supporting information. The H 2 and CO 2 pure gas permeances of pure PBI hollow fibers exhibit little or no dependency on transmembrane fugacity; they stay constant at a level of~65 GPU and~3.5 GPU respectively. Therefore, a constant ideal H 2 /CO 2 selectivity of~18 is obtained over the studied fugacity range. Is worth to mention that considering constant CO 2 permeance the typical plasticization phenomena observed for other polyimides like P84® or Matrimid [39, 40] did not occur. In the case of PBI-10 wt% ZIF-8 hollow fiber, the H 2 permeance exhibits little or no dependency on transmembrane fugacity, while a slight decrease in CO 2 permeance is observed as fugacity increases. As a result, a slight increase in the ideal H 2 /CO 2 selectivity is observed as transmembrane fugacity increases (from 16.6 at 3 bar to 17.7 at 30 bar).
For mixed gas permeation, the same separation performance is obtained for pure PBI hollow fibers. It shows that neither H 2 permeance nor CO 2 permeance is affected by the presence of the other gas. However, a significant deviation of mixed gas permeation from pure gas permeation is observed when adding 10 wt% ZIF-8. The H 2 mixed gas permeance is much lower than the H 2 pure gas permeance (23% lower at 3 bar total fugacity). At the same time, the H 2 permeance remains SG: single gas test. MG: mixed gas test (50/50 H 2 /CO 2 ). Unsp: unspecified. 1 GPU = 10 −6 (cm 3 (STP))/(cm 2 ·s·cmHg). constant at a value of~83 GPU up to 5 bar partial fugacity, above which it starts to decrease to the level of pure PBI hollow fibers at 15 bar (~65 GPU). There is a smaller effect of fugacity on the CO 2 mixed gas permeance which starts from the same value as for pure gas permeance and decreases from 6.2 to 4.8 GPU as the fugacity increases. This phenomenon is attributed to the competitive sorption between H 2 and CO 2 gas molecules. CO 2 molecules are adsorbed in the cavities of ZIF-8 particles and therefore transportation of H 2 molecules through ZIF-8 diffusion pathways is reduced [37, 41] . Adsorption and diffusion of gases in ZIF-8 by molecular simulation studies have been reported in literature, where enhanced adsorption in specific sites was determined [42] . Two preferred adsorption sites were identified for H 2 . The first adsorption site is located on top of the imidazolate ring over the C]C bond and the second adsorption site at the center of the hexagonal window. For CO 2 , the preferred adsorption site may depend on CO 2 loading [43] . At low loading, CO 2 is adsorbed in the vicinity of the C]C bond of the 2-methylimidazolate linker. At high loading CO 2 is also adsorbed near the aperture and in the central cage. It means that as the pressure increases, the nanocages of ZIF-8 are saturated (mainly by CO 2 ) and therefore both pathways for CO 2 and H 2 diffusion through ZIF-8 may be hindered. The stronger adsorption of CO 2 (see Section 3.4) suppresses the H 2 permeation in the mixture, yielding a lower mixture selectivity, but compensates partly for the hindered diffusivity, explaining the smaller permeance reduction. This result shows, unlike other MOF fillers, the active role of ZIF-8 in the MMM and also demonstrates that a possible void space between filler and polymer does not play a role in this system [44] , otherwise a selectivity equal to the pure PBI would have been observed. Summarizing, at lower pressures transport through the ZIF-8 contributes to the permeation, while at higher pressures this contribution is reduced by strong adsorption of penetrants. Is worth mentioning that this performance is reversible. When the fugacity was decreased to the initial testing value of 3 bar, the initial permeance values were recovered (see Table S1 ). Fig. 4 shows the results from the adsorption measurements of the three samples (ZIF-8 powder, pure PBI hollow fiber and PBI-10 wt% ZIF-8 hollow fiber) at different temperatures (50, 100 and 150°C) in a pressure range of 0 to 35 bar.
Hollow fibers gas sorption measurements
ZIF-8 powder ( Fig. 4 left) exhibits an isotherm that is concave to the pressure axis, with a larger slope in the low-pressure range (0-20 bar). The adsorption capacity decreases with increasing temperature, in agreement with the exothermal adsorption process. As expected, ZIF-8 presents a much higher adsorption than pure PBI, attributed to the high specific surface area of MOF particles.
Interpretation of pure PBI polymer behavior becomes more complex. Sorption isotherms in glassy polymers can be described as type II according to IUPAC [45] with an S-shape character, i.e. concave to the pressure axis at the beginning, then almost linear and finally convex to the pressure axis. The complete isotherm can be reached at low temperatures and/or high pressures [46] . In our case only at 50°C the isotherm is completed (Fig. 4 right) . The adsorbed CO 2 amount decreases with increasing temperature at pressures below 5 bar. However, at higher pressures the profile at 50°C lies below the one at 100°C. This behavior cannot be explained in terms of thermodynamics, and so kinetic effects, i.e. diffusion limitations, must be considered. Mobility of CO 2 and polymer chains is improved at higher temperature. This effect was already reported in literature for polyethyleneimine [47] . The nearly absent CO 2 adsorption at 150°C is expected based on thermodynamics.
PBI-10 wt% ZIF-8 hollow fiber experimental isotherms are shown in Fig. 4 middle. The adsorption profiles have contributions from both components, but an exact match is not expected due to unknown interaction between the constituents: i.e. the interface between polymer and MOF particles, differences in the surface roughness and porosity between the neat PBI and mixed matrix fiber. H 2 adsorption could not be determined within the equipment's accuracy. These results support the picture of the mixed matrix membrane behavior, where the adsorption of CO 2 in the ZIF-8 still plays a role at 150°C and high pressure. Therefore it is expected that operation at higher temperatures further reduce this adsorption, leading to higher H 2 /CO 2 selectivities (next to higher permeances), as is observed in literature for pure PBI.
Conclusions
Defect-free hollow PBI fibers with thin (~300 nm) top dense mixed matrix layers containing a uniform distribution of the nanosized (~60 nm) zeolitic-imidazole framework filler (ZIF-8) in the polymer polybenzimidazole (PBI) matrix. The protocol developed could be used for the incorporation of any type of porous filler. ZIF-8 incorporation into the PBI polymer matrix strongly influences gas transport, specifically in mixed gas permeation, where the improvement of fiber performance for H 2 /CO 2 separation with filler addition is compromised at high operating feed pressures (30 bar) and 150°C due to competitive adsorption of CO 2 in ZIF-8, blocking the transport. The ZIF-8 plays an active role in the permeation performance, unlike many other fillers. We expect that at higher temperature the H 2 /CO 2 selectivity will improve due to lower CO 2 adsorption in the filler. Our results reveal material performance under conditions relevant to the application and demonstrate the importance of such an evaluation. Future improvement of membrane performance is foreseen by incorporation of porous fillers with lower interaction with CO 2 and higher size exclusion properties for H 2 /CO 2 , like Benzimidazole-linked polymers (BILPs), a new class of porous organic framework [48] . 
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